Abstract: Cushing's disease is caused by a corticotroph pituitary adenoma secreting adrenocorticotropin and can be fatal in the absence of adequate treatment. Transsphenoidal surgery remains the treatment of choice in almost all cases. However, remission rates are relatively low, and recurrence is usual and can be diagnosed up to decades after the initial diagnosis. Repeat surgery or radiation can be useful in these cases, although both have clear limitations with respect to efficacy and/or side effects. Hence, there is a clear unmet need for an effective medical treatment in patients with recurrent or persistent Cushing's disease. Pasireotide is a novel multireceptor-targeted somatostatin analog with a high affinity for somatostatin receptor (sstr)-1, sstr-2, sstr-3, and sstr-5. Compared with octreotide, pasireotide has an in vitro binding affinity 40-fold higher for sstr-5, which is the major receptor subtype expressed by corticotroph pituitary adenoma. Recent studies have suggested a role for this new multireceptor somatostatin analog in Cushing's disease. We review in this article the current data available regarding pharmacokinetics, clinical efficiency, and tolerance of pasireotide in patients with de novo, persistent, or recurrent Cushing's disease, with a special focus on the disturbances of glucose metabolism induced by such a treatment.
Introduction
Cushing's syndrome (CS) is a rare disorder, with an estimated incidence of 1-3 cases per million inhabitants per year.
1,2 CS occurs as a result of a chronic, autonomous, and pathological cortisol excess (or pathological hypercortisolism). The most common etiology of CS is the chronic administration of glucocorticoids in pharmacological doses (also called exogenous or iatrogenic CS), but it will be not considered herein.
Causes of endogenous CS can be grouped under adrenocorticotropin (ACTH)-dependent and ACTH-independent categories. The first categories are due to tumorous proliferation of eutopic or ectopic cells secreting ACTH, or, very rarely, corticotropinreleasing hormone; the other categories are due to tumors of the adrenal glands that produce excess cortisol, which can be benign (adrenal adenoma) or malignant (adrenal carcinoma). 1, 2 The term of Cushing's disease (CD) is specifically applied to ACTH-secreting pituitary adenomas, which are the most common etiology of endogenous CS and were first described by Harvey Cushing in 1932. 2, 3 Excessive secretion of ACTH by a pituitary corticotropic adenoma results in excessive cortisol secretion from the adrenal glands, which can induce several clinical signs, including obesity with centripetal fat disposition, signs of protein wasting (abdominal purplish skin striae, muscle weakness and atrophy, osteoporosis), high blood pressure, impaired glucose metabolism, gonadal dysfunction (libido confusion, hirsutism, menstrual irregularity) together with a broad range of psychological and psychiatric disturbances. [4] [5] [6] From early reports, it is well known that CD is associated with a very poor prognosis and can be lethal. A four-to fivefold increase in mortality is classically observed in patients with remnant CD, mostly because of cardiovascular and cerebrovascular complications and infections. 7 This excess mortality is probably correlated with cortisol levels. 7 Thus, the treatment goals of CD include the rapid reversal of clinical features, the normalization of cortisol levels and all biochemical changes, and long-term control without recurrence.
Transsphenoidal surgery conf idently remains the first-line therapy in CD. Depending on the experience of the neurosurgeon and local invasion, it allows primary remission in 65%-90% of microadenomas and 50%-70% of macroadenomas. 8 However, relapse and late recurrences of CD occur in about 25% of patients. 9 As for patients for whom surgery has failed, there are limited treatment options, and this situation is probably the biggest challenge in the treatment of CD, with no defined therapeutic approach. Second-line options are summarized in Figure 1 and include second surgery, radiotherapy, steroidogenesis inhibitors (mitotane, ketoconazole when available; metyrapone and etomidate), glucocorticoid receptor antagonist (mifepristone), and finally bilateral adrenalectomy. 8 With the exception of the last option that provides immediate control of hypercortisolism by inducing adrenal insufficiency, all of the available treatments are not very effective on CD, with long-term remission rates lower than 50%, and induce several mild or severe side effects. Therefore, there is a clear need for novel medical therapies in CD.
Unlike octreotide and lanreotide, pasireotide (SOM-230) is a new somatostatin receptor (sstr) analog with a multireceptor affinity that can inhibit ACTH secretion. 10 Pasireotide is the first drug to be approved specifically for the treatment of CD in the European Union. The present review will consider pharmacological properties of pasireotide and clinical evidence supporting its use in CD.
Pharmacological aspects of pasireotide
Because of a tight relationship between the duration of hypercortisolism and the severity of its morbidity, there is a real need for a rapid control of cortisol excess, especially in the case of immediate surgical failure or for patients who develop long-term recurrence. 6, 11 As previously mentioned, several alternative strategies are available. Second-line treatments are indicated in cases of surgical failure. Radiotherapy is an option, but it exhibits a slow onset of action, and patients remain exposed to the deleterious effects of cortisol excess for several years. Because of the low efficacy and the unfavorable adverse events profile of the available drugs depicted in Figure 1 , the place of medical treatment is currently limited. 5, 8, 10 Therefore, there is a clear need for medical therapies that can effectively reverse clinical features of CD by normalizing biochemical parameters acutely.
Fortunately, recent understandings in molecular physiopathology of corticotrophic adenomas have given new perspectives for the development of rational, efficacious, and safe therapy for CD. The most physiological approach is to directly act on the ACTH hypersecretion source by using a pituitary-targeted therapy, with antisecretory and, if possible, antiproliferative effects. Because of the presence of subtype 2 dopamine receptors and sstr on corticotroph adenomas, dopamine agonists and sstr agonists have been carefully screened for a potential use in CD. 12 Somatostatins (also known as somatotropin-release inhibitory factors) affect the release of many hormones, and thus are important regulators of endocrine secretion in many tissues. Somatostatin binds with high affinity to five distinct G-protein-coupled sstr (sstr-1 to -5), expressed on target tissues, which differ in their binding properties and pharmacology. 13 Human corticotropic pituitary adenomas express multiples sstr, but predominantly sstr-5 (90%), sstr-2 (70%), and sstr-1 (60%).
14 Several studies reported that both sstr-2 and sstr-5 ligands could inhibit corticotropin-releasing hormone-stimulated ACTH secretion in mouse or human corticotropic cells. Furthermore, activation of sstr-5 subtype inhibits ACTH secretion, providing a potential therapeutic target in the treatment of CD. 15, 16 Unfortunately, natural somatostatins (SRIF-14, SRIF-28) exhibit a high binding affinity for all sstr subtypes, but their therapeutic use is mainly limited because of their rapid degradation in plasma. 13 Furthermore, the two synthetic somatostatin analogs approved for clinical use, octreotide (SMS 201-995) and lanreotide (BIM 23014), bind preferentially with a high affinity to the sstr-2 subtype and exhibit no effect on ACTH secretion. 13 Recently, a new synthetic somatostatin analog has been relapsed. Pasireotide (SOM-230) is a small, metabolically stable somatostatin analog with a more universal receptor-binding profile, closer to that of natural somatostatins. It exhibits a highaffinity binding to four of the five receptor subtypes (sstr-1, sstr-2, sstr-3, and sstr-5), with the highest affinity for sstr-5. 13 Compared with octreotide and lanreotide, major improvements have been achieved, especially with regard to sstr-1 and sstr-5 binding, because pasireotide has an in vitro binding affinity 20-30 times higher for sstr-1, and 40-100 times higher for sstr-5 than octreotide and lanreotide exhibit, respectively ( Figure 2 ). Interestingly, pasireotide demonstrates a binding affinity to sstr-5 that is even higher than the affinity measured for the natural ligand SRIF-14 for this receptor subtype. 13 Mouse corticotropic pituitary adenoma cells show in vitro a high ribonucleic acid (RNA) expression of sstr-5 receptors but a relatively closed RNA expression of sstr-2 receptors, reflecting the expression profile of human corticotropic adenomas. 17 Suppressive effects of somatostatin analogs in corticotropic cells are determined by sstr-5, whereas the ligand action on sstr-2 is negligible, explaining the inefficiency of octreotide and lanreotide in CD. 18 In primary cultures of mouse corticotropic adenoma cells, pasireotide is highly effective in lowering basal and stimulated ACTH release. 15, 16 Besides, pretreatment by dexamethasone does not affect the inhibitory effect of pasireotide on these cells, suggesting that sstr-5 is relatively resistant to downregulation by glucocorticoid treatment (and thus by elevated endogenous cortisol levels). 15, 16 In addition, significant inhibition of cell proliferation has been recently reported in vitro in primary cell culture and in vivo in rats; pasireotide affects only cell division but has no effect on cell differentiation. 19 The pharmacokinetic profile of pasireotide has been determined in vivo by several studies conducted on rats. Its distribution and terminal elimination half-life are 0.74 hours and 23 hours, respectively, which are considerably longer than the corresponding values of 0.22 hours and 2.0 hours determined for octreotide (three-and elevenfold longer, respectively). 13 Compared with control, the strong inhibition of the hypothalamic-pituitary-adrenal axis by pasireotide has been confirmed, with a 45%-51% inhibitory effect on ACTH release. 20 Referring to these promising results, several Phase I studies have followed to investigate the safety, tolerability, and pharmacokinetic profile of pasireotide in human subjects. In healthy volunteers, the effective terminal half-life is 12-17 hours after a single-dose administration of 900-1500 µg, supporting a twice-daily dosing interval in therapeutic use. 21 Pasireotide also demonstrates rapid absorption, low systemic clearance, a high volume of distribution, and a dose-proportionally effect. The tolerance and safety profile of pasireotide is quite similar to other somatostatin analogs, including mild gastrointestinal adverse events, injection-site reactions, but more frequently hyperglycemia. 21 
Clinical evidence
In order to demonstrate the efficiency of pasireotide treatment, a Phase II, proof-of-concept, open-label, single-arm, multicenter study was driven. 22 Over 15 days, Based on these positive results, a large international, double-blinded, randomized Phase III trial was assessed. 23 This largest Phase III study in patients with CD compared subcutaneous pasireotide 600 µg and 900 µg twice-daily injections in patients with de novo, persistent, or recurrent CD, defined by: (1) a mean 24-hour UFC level greater than 1.5 upper limit of the normal range (ULN), calculated from four 24-hour samples collected within 2 weeks; (2) a morning plasma ACTH level of 5 ng/L or more, and (3) a confirmed pituitary adenoma. After 3 and 6 months of treatment, if the mean 24-hour UFC was not controlled, patients were unblinded and the dose increased by 300 µg twice daily, with a maximum of 1200 µg twice daily. Among the 162 included patients, 78 (48%) completed 12 months of treatment, with a mean duration of treatment of 10.8 months.
The mean baseline level of the 24-hour UFC was approximately 6.5 times the ULN range. After 6 months of treatment, 88% of the evaluable patients (91/103) had a decline in 24-hour UFC, including patients with very high baseline values. Normalization of 24-hour UFC was achieved in 26.3% (21/80) and 14.6% (12/82) of patients receiving the higher and lower doses, respectively. A normal UFC level was mainly achieved in patients with baseline levels not exceeding five times the ULN than in patients with higher baseline levels. The lower remission rate in the 600 µg twice-daily group may in part be explained by the worse mean UFC levels at the baseline compared with those in the 900 µg twice-daily group (1156 nmol/24 hours versus 782 nmol/24 hours). However, the mean percentage change in the UFC level from baseline to month 6 was −27.5% (95% CI = −55.9% to 0.9%) in the 600 µg group and −48.4% (95% CI = −56.6% to −40.2%) in the 900-µg group. The corresponding changes from baseline to month 12 were −41.3% (95% CI = −66.0% to −16.6%) and −54.5% (95% CI = −65.2% to −43.7%), respectively. The change from baseline to months 6 and 12 was significant for both groups (P , 0.001). Partial control of hypercortisolism, defined as a UFC level above the ULN but reduced by more than 50% from baseline, was achieved in 18% and 13% of patients in the 600 µg and 900 µg groups at month 6, and in 16% and 3% at month 12, respectively. UFC levels decreased quickly, with a median reduction of approximately 50% at month 2, and remained stable in both groups, indicating a prolonged therapeutic benefit.
Reduction in biochemical parameters in response to pasireotide was mild (−13.4% for morning serum cortisol and −16.9% for plasma ACTH level at month 12), but strongly improved clinical features of CD, with a decrease of systolic and diastolic blood pressure (−6.1 mmHg and −3.7 mmHg, respectively), triglycerides (−0.2 mmol/L), low-density lipoprotein cholesterol (−0.4 mmol/L), weight (−6.7 kg), and an amelioration of health-related quality-oflife score (+11.1 points).
Interestingly, a lack of response could be identified quite quickly in patients. Indeed, among the 72 patients with uncontrolled hypercortisolism at the first 2 months, hypercortisolism remained uncontrolled in 66 patients (92%) at month 6 and in 64 patients (89%) at month 12. Thus, efficiency of pasireotide can be evaluated after 2-3 months of treatment, and if normalization of UFC levels is not achieved, combination therapy or alternative treatment modalities should be considered.
Finally, like other somatostatin analogs, pasireotide participated in tumor shrinkage, with an estimated decrease of tumoral volume of 9.1% (95% CI = −46.3% to 28.0%) and 43.8% (95% CI = −68.4% to −19.2%) in the 600 µg and the 900 µg twice-daily groups, respectively.
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Tolerance profile of pasireotide
In different studies, the safety profile of pasireotide is quite similar to that of all somatostatin analogs. 10, [21] [22] [23] Most frequent adverse events are gastrointestinal symptoms (diarrhea, nausea, abdominal pain, cholelithiasis) and vascular disorders (flush, hypotension). Most of them resolve spontaneously without dose modification or temporary interruption. Mild transient elevations of liver enzyme activity are also reported in 29% of patients, with a spontaneous resolution in most cases without treatment interruption. 23 However, unlike other somatostatin analogs, pasireotide determines more frequent and more severe glucose homeostasis troubles (36% in Phase II and 73% in Phase III, respectively). 22, 23 This potential diabetogenic profile of pasireotide is important to take into account because glucose tolerance is already impaired in about 50% of patients with CD and participates in the excess mortality. 1, 8 Indeed, glucocorticoids impair glucose regulation through several mechanisms, including insulin resistance and pancreatic β-cell function impairment. 24 Glucocorticoids interfere with β-cell metabolism by decreasing the expression of glucose transporter 2 and glucokinase, leading to a defective exocytosis of insulin granules. 25 In liver, glucocorticoids enhance neoglucogenesis and antagonize glycogen synthesis. 26 They also reduce the insulinotropic effect of incretin hormones, particularly glucagon-like peptide 1 (GLP-1). 27 Finally, glucocorticoids have deleterious effects on the insulin sensitivity of target tissues and promote the metabolic phenotype (visceral fat accumulation). 26 Data obtained in healthy volunteers receiving pasireotide suggest that pasireotide-induced hyperglycemia is a result of decreased insulin and incretin secretion, whereas insulin sensitivity is unaffected. 28 Indeed, a single subcutaneous dose of pasireotide leads to a rapid, dose-dependent transient increase of blood-glucose levels. At the same time, mean plasma GLP-1 levels are reduced, as well as insulin and glucagon mean values, with a greater suppression of insulin secretion than glucagon secretion. Normalization of glucose levels is achieved in about 10 hours after pasireotide injection. These data are confirmed during 75 g oral glucose tolerance. Pasireotide-induced hyperglycemia could therefore be mediated by a severe defect in the secretion of insulin and incretin hormones (GLP-1). 28 In fact, because the presence of sstr on α-and β-pancreatic cell membranes, natural somatostatin is able to inhibit β-cell insulin secretion through sstr-2 and sstr-5 receptor subtypes and α-cell glucagon secretion through the sstr-2 receptor subtype. Because of their predominantly binding affinity for the sstr-2 receptor subtype, the first-generation somatostatin analogs octreotide and lanreotide have less detrimental effect on insulin/glucagon balance than does pasireotide, which inhibits insulin secretion much more potently than glucagon because of its high affinity for sstr-5 ( Figure 3) . These findings suggest that the ratio of sstr-5/sstr-2 is the major factor in pasireotide-induced hyperglycemia. 29, 30 In a Phase II study, hyperglycemia was observed in 36% of patients (14/39) and appeared to be more notable in patients with a history of impaired fasting blood glucose or diabetes mellitus before receiving pasireotide. 22 Because of the suppression of insulin secretion, hyperglycemia occurred just after the first exposure to pasireotide but generally improved to near baseline value in 8 hours. It was less pronounced after a few days of treatment, suggesting an attenuation of effect over time.
In a Phase III study, hyperglycemia was reported in 73% of patients (118/162) and led to treatment discontinuation in 6%. 23 Preexisting diabetes mellitus or impaired glucose tolerance increased the risk of hyperglycemia-related adverse events. Fasting blood glucose and glycated hemoglobin levels increased soon after the initiation of treatment with pasireotide, and then stabilized after 2 months. increased from 5.8% to 7.2% and 7.4% after 6 months of treatment, and to 7.3% and 7.2% after 12 months of treatment with pasireotide 600 µg and 900 µg twice daily, respectively. Considering an HbA 1c level .6.5%, 48% of the patients receiving pasireotide (51/107) developed a new-onset diabetes mellitus and 41% needed a specific treatment with one or more antidiabetic medications. No case of diabetic ketoacidosis or hyperosmolar hyperglycemia was reported.
Interestingly, pasireotide-induced hyperglycemia occurred despite declining cortisol levels. In one patient, the worsening role of pasireotide on glycemic condition has been minimized by the resolution of hypercortisolism status. 31 Thus, it seems legitimate to affirm that the effects of pasireotide on hormonal adjustment prevail on its adverse effects, especially because glucose-lowering therapy may be quite effective. Nevertheless, only few data are available concerning treatment strategy for pasireotide-induced hyperglycemia, and none of them have been evaluated in randomized controlled trials. Recently, French recommendations for the managing of pasireotide-induced hyperglycemia in CD have been proposed using the clinical data available: 32 (1) initial monitoring of blood glucose and HbA 1c levels, especially in patients with preexisting diabetes mellitus, impaired glucose tolerance or risk factors of diabetes mellitus; (2) fasting plasma glucose monitoring 1, 2, 4, 8, and 12 weeks after initiating pasireotide, and 1, 2, and 4 weeks after each dose regimen modification; (3) self-monitoring of blood glucose at least once or twice a week in fasting and postprandial states; and (4) monitoring of fasting plasma glucose and HbA 1c after treatment discontinuation in patients exhibiting glucose tolerance abnormalities. Expert recommendations suggest that patients with uncontrolled diabetes mellitus, as indicated by a recent history of ketoacidosis or HbA 1c .8%, should not be treated with pasireotide. In other situations, the initiation or intensification of antidiabetic therapy should be performed as soon as possible. 32 Concerning therapeutic strategy, the only data available concern the short-term effects of antidiabetic drugs used in healthy volunteers exposed to pasireotide. Interestingly, despite the insulin resistance observed in CD, metformin seems to have little effect on glycemic excursions, whereas such excursions are improved by nateglinide, vildagliptin, and liraglutide. 28 Of course, therapeutic strategy should always consider individual risk-benefit ratio, and be individually adapted, especially using data obtained from blood glucose self-monitoring. However, if hyperglycemia remains uncontrolled despite appropriate antidiabetic measures, pasireotide therapy should be adapted with dose reduction, or even discontinued, depending on the risk-benefit balance and possible alternative treatments for hypercortisolism. 32 These recommendations are supported by similar recent proposals developed from a group of ten European experts in the field of pituitary diseases and diabetes mellitus, which provide initial therapy with metformin followed by the addition of a dipeptidyl peptidase-4 inhibitor, with a switch from the dipeptidyl peptidase 4 inhibitor to a GLP-1 receptor agonist or insulin therapy in order to maintain glycemic targets.
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Prospects and conclusion
It is now well demonstrated that pasireotide is able to provide significant clinical benefit in patients with CD by reducing hypercortisolism and improving associated signs and symptoms. Pasireotide may represent the first specific treatment for corticotropic adenomas. However, more data about long-term experience with pasireotide are required in order to strengthen the known results.
The Phase III study, mentioned on the previous page, was extended to 24 months to evaluate the long-term effect of pasireotide treatment. 34 Fifty-eight patients entered into the extension phase and sustained a decrease in mean UFC, serum cortisol, and plasma ACTH already observed through to month 24. Furthermore, control of UFC was maintained up to month 24 in 34.5% of patients, without new serious adverse events.
Recently, a French team reported the case of a 43-yearold woman treated with pasireotide for 7 years. 35 Initially, her 24-hour UFC levels were 9.2 times the ULN, and she began 15 days of treatment with subcutaneous pasireotide (600 µg twice daily), which resulted in normalization of these levels. When treatment was halted for 35 days, UFC levels increased anew. Two months later, she resumed treatment with pasireotide 600 µg twice daily, which led to significant and prolonged clinical improvement. To date, UFC levels have remained in the normal range, as well as basal and desmopressin-stimulated ACTH levels, without any serious adverse events.
These data illustrate the clear biochemical and clinical response that can be awaited in long-term treatment with pasireotide in patients with CD, without any treatment escape. Achieving a long-acting formulation of pasireotide, leading to a unique monthly intramuscular injection, is a new challenge and would be a significant progress in improving the quality of life of patients.
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